Along with horizon picking, fault identification and interpretation is one of the key components for successful seismic data interpretation. Significant effort has been invested in accelerating seismic fault interpretation over the past three decades. Seismic amplitude data exhibiting good resolution and a high signalto-noise ratio are key to identifying structural discontinuities using coherence or other edge-detection attributes, which in turn serve as inputs for automatic fault extraction using image processing or machine learning techniques. Because seismic data exhibit not only structural reflectors but also seismic noise, we have developed a fault attribute workflow that contains footprint suppression, structure-oriented filtering, attribute computation, "unconformity" suppression, and our new iterative energy-weighted directional Laplacian of a Gaussian (LoG) operator. In general, tracking faults that exhibit a finite offset through a suite of conformal reflectors is relatively easy. Instead, we evaluate the effectiveness of this workflow by tracking faults through an incoherent mass-transport deposit, where the lowfrequency contribution of multispectral coherence provides a good fault image. Multispectral coherence also reduces the "stair-step" fault artifacts seen on broadband data. Application of statistical filtering can preserve the discontinuity's boundaries and reject incoherent backgrounds. Finally, iterative application of an energy-weighted directional LoG operator provides improved fault image by sharpening low-coherence anomalies perpendicular and smoothing low-coherence anomalies parallel to fault surfaces, while at the same time attenuating locally nonplanar anomalies.
INTRODUCTION
Conventional interpretation of faults, channels, and horizons from seismic amplitude data is time consuming. The limits of karst and salt bodies can be particularly difficult to pick because of their unclear boundary, discontinuous character, and steep edges (Qi et al., 2014) . Seismic attributes provide quantitative measures of reflector amplitude, phase, frequency, continuity, and morphology that can be subsequently used to identify patterns in the seismic data using either 3D visualization or machines learning techniques. Seismic attributes help interpreters, especially less experienced interpreters, in the identification of subtle features that may otherwise be overlooked in seismic data.
Many geometric attributes have been developed to identify faults, joints, and natural fractures. One of the first volumetric edge-detection attributes, coherence, is widely applied to map structural and stratigraphic discontinuities in 3D seismic volumes. The first generation of coherence algorithms was proposed by Bahorich and Farmer (1995) , which was based on crosscorrelation of seismic traces. Semblance (Marfurt et al., 1998) , eigenstructure (Gersztenkorn and Marfurt, 1999) , gradient structure tensor (Bakker, 2002) , and energy-ratio similarity (Chopra and Marfurt, 2007) are subsequent coherence algorithms that operate on a spatial window of five or more neighboring traces. Other variations of coherence algorithms, including local structure entropy (Cohen and Coifman, 2002) , variance (Van Bemmel and Pepper, 2000) , gradient magnitude (Aqrawi and Boe, 2011) , automated fault extraction (Dorn et al., 2012) , fault likelihood (Hale, 2013) , predictive painting (Karimi et al., 2015) , directional structure-tensor coherence (Wu, 2017) , and generalized tensor-based coherence (Alaudah and AlRegib, 2017) provide similar results. Some of these algorithms are sensitive to lateral change in the amplitude (such as the Sobel filter), whereas other are sensitive to lateral change in the waveform (such as eigenstructure and GST "chaos") (Marfurt and Alves, 2015) .
Several coherence algorithms are based on a covariance matrix; others, such as semblance and variance, can be reformulated to do so (Lin et al., 2016) . Marfurt et al. (1998) construct a covariance matrix from a window of analytic traces (the original and its Hilbert transform) along the structural dip. Smaller windows provide higher lateral resolution and less stratigraphic mixing, but they may suffer from random and coherent noise (Lin et al., 2016) . Larger windows results in smeared but less noisy images. Libak et al. (2017) compute coherence with different sizes of analysis windows and find that fault geometric attribute may be over-or underestimated if one applies an inappropriate analysis window. In general, using a large vertical window can stack steeply dipping fault discontinuities and suppress stratigraphic discontinuities. However, if the vertical window is too large, temporally limited discontinuities such as channel edges will be vertically smoothed. Large windows also exacerbate stair-step artifacts of dipping faults. A good rule is to use a window size that approximates the period of the highest frequency of interest. Li and Lu (2014) and Li et al. (2015) demonstrate that coherence computed from different spectral magnitude or spectral voice components provides superior fault and channel images. Alaei (2012) computes a fault attribute by integrating the results of spectral decomposition and coherence estimation, combining the resulting spectral images using RGB color blending. Dewett and Henza (2016) build on this observation and combine multiple (greater than three) spectrally limited coherence images using a self-organizing map algorithm. Marfurt (2017) and Li et al. (2018) use a somewhat simpler approach and sum the spectrally limited covariance matrices into a single matrix, whereby the resulting multispectral coherence image retains much of the value of the individual spectrally limited coherence images.
Image-processing techniques attempt to mimic the human ability to identify and extract larger patterns. Randen et al. (2001) and Pedersen et al. (2002) apply a swarm-intelligence algorithm they called ant-tracking to extract large faults. Their key innovation was the control of the fault dip azimuth and dip angle search directions by linking the algorithm to a Schmidt diagram. Cohen et al. (2006) describe an image-processing technique that processes the local-fault-extraction volumes by directional filtering and threshold skeletonization along horizons and vertical slices. Barnes (2006) generates a second moment tensor within an analysis window to reject anomalies parallel to stratigraphy and to dilate the image to connect disjointed fault points. Wu and Hale's (2015) image-processing technique automatically extracts intersecting fault planes from fault surfaces from three fault attribute images of fault likelihood, fault strike, and dip (Hale, 2013) . Machado et al. (2016) and Qi et al. (2016a Qi et al. ( , 2017b ) develop a fault enhancement and skeletonization workflow based on the second moment tensor to improve the quality of faults in the coherence attribute. Other image-processing filters include Hough transforms (AlBinHassan and Marfurt, 2003; Aarre and Wallet, 2011) , Radon transforms (Boe, 2012) , and log-Gabor filters (Admasu et al., 2006) . Zhang et al. Figure 1 . Workflow illustrating the steps used in our attribute preconditioning workflow. The first step is poststack seismic amplitude data conditioning applying footprint suppression and structure-oriented filtering. This is followed by edge detection using broadband (conventional) or multispectral coherence, and estimation of the energy about each voxel. Next, we suppress anomalies parallel to the reflector dip. Finally, we apply an iterative energy-weighted LoG operator and directional skeletonization to the filtered coherence to generate enhanced fault images. (2014) adapt biomedical finger-vein analysis technology to better extract fault anomalies. Wu and Fomel (2018) propose an optimal surface-voting method to enhance a fault attribute image and extract fault surfaces.
Despite all these improvements, coherence algorithms measure all discontinuities in the analysis window, whether they are the target geologic discontinuity of interest, a secondary but perhaps stronger discontinuity or a discontinuity artifact caused by seismic noise. Unlike a coherence algorithm, human interpreters see discontinuities of such faults at different scales, allowing them to track a fault through a background of unrelated often smaller scale discontinuities.
In this paper, we present an attribute preconditioning workflow to construct fault images that are sufficiently smooth for subsequent fault automatic extraction (Figure 1 ). We begin with the algorithm description. Then, we apply the workflow to a data volume from the Taranaki Basin, where faults cut through a mass-transport deposit, starting with incoherent and coherent noise suppression, followed by computing and statistically filtering the coherence attribute, and ending with several iterations of an energyweighted directional Laplacian of a Gaussian (LoG) filtering. We validate our fault attribute workflow and a commercial swarm-intelligence workflow using a traditional human-driven fault interpretation as the ground truth.
Methodology
The second-order moment tensor Machado et al.'s (2016) fault-enhancement workflow is based on earlier work by Barnes (2006) , who constructs a second-order moment tensor of an edge attribute to determine the hypothesized fault anomalies' orientation. The second-order moment tensor is built from a coherence attribute a m within an M-voxel analysis window, where a m has been modified so that coherent portions of the survey have a value of zero (the same algorithm also enhances edge anomalies computed using Sobel filters and aberrancy). We modify Machado et al.'s (2016) algorithm by observing that all coherence anomalies are not equally important. Specifically, we wanted to minimize fault stair-step artifacts in coherence images of dipping faults. Lin et al. (2016) recognize that seismic migration images the seismic wavelet perpendicular to the reflector dip. Using an analytic seismic trace (the original trace and its Hilbert transform) as input, a reflector discontinuity occurs where the instantaneous envelope is maximum. In the absence of nearby reflectors, away from this point, wavelet sidelobes result in the discontinuity continuing perpendicular to the reflec- Figure 3 . Vertical slices through (a) coherence computed from the original data, (b) coherence after footprint suppression and structure-oriented filtering, and (c) difference of coherence anomalies between (a and b). Note that coherence after noise rejection exhibits a better signal-to-noise ratio. Faults and other discontinuities are more easily interpretable within and through the mass-transport deposit zone. Seismic attribute preconditioning O27 tor rather than along the true fault face. To partially address this problem, we assign a greater weight to discontinuities in which the wavelet envelope (or energy) is strongest. Additionally, we modified Machado et al.'s (2016) algorithm by noting that the second moment tensor should be computed about the center of the mass rather than about the center of the window, further improving the results. We define the location of the center of the mass μ of coherence anomalies a m within the analysis window to be
( 1) where x m is the vector distance of the mth voxel from the center of the analysis window and W m ;is a weight that depends on the local reflector strength. The second moment tensor in the analysis window can be written as
where the components of the second moment tensor are
Eigendecomposition of the energy weighted second-order moment tensor results in three eigenvalues λ j and three eigenvectors v j . The values of λ 3 and v 3 are key to the subsequent analysis. If the three eigenvalues are ordered as λ 1 ≥ λ 2 ≫ λ 3 , we have a planar coherence anomaly, where the first and second eigenvectors v 1 and v 2 represent directions parallel to the planar anomaly. In contrast, the third eigenvector v 3 represents the direction perpendicular to the planar anomaly in the spherical analysis window. The eigenvectors v 1 , v 2 , and v 3 have three components:
; (4) where the unit vectors c X 1 , c X 2 , and c X 3 are oriented to north, east, and down. Machado et al. (2016) and Qi et al. (2017) show the fault dip azimuth attribute to be ATAN2(v 31 , v 32 ) and the fault dip magnitude to be ACOS(v 33 ).
Iterative directional smoothing and sharping
Laplacian and Gaussian operators are commonly used in filtering photographic images. The LoG operator smooths short-wavelength artifacts of images by the Gaussian operator prior to sharpening the images by the Laplacian operator. Taking into account the hypothesized fault orientation (the eigenvectors v 1 , v 2 , and v 3 ), the LoG Figure 4 . Vertical slices through (a) spectral voice components at 15, 25, 40, 55 Hz, as well as the broadband seismic amplitude volumes, and (b) corresponding slices through coherence using five traces, AE10 ms analysis windows. The vertical resolution is proportional to that of the CWT wavelet used to compute each spectral voice. At lower (10 and 25 Hz) frequency seismic amplitude voices, the mass-transport deposit zone appears less chaotic than at higher (40 and 55 Hz) frequency seismic amplitude voices. Coherence computed from each spectral voice shows additional discontinuities, but it exhibits a lower signal-to-noise ratio than broadband coherence. Faults through the mass-transport deposits are more continuous on coherence computed from low-frequency spectral voices. operator can directionally smooth parallel to fault surfaces and sharpen perpendicular to fault surfaces. After the first process, the output fault probability will be input to the energy-weighted LoG filtering iteratively until the fault image is sufficiently smoothed and sharpened. The filter usually stabilizes after three iterations. Because we will wish to sharpen perpendicular to the hypothesized fault (along eigenvector v 3 ) and smooth parallel to the fault (along eigenvectors v 1 and v 2 ), we first rotate our natural (east, north, vertical) x-coordinate system, to a ξ-coordinate system aligned with the eigenvectors v 1 , v 2 , and v 3 axes:
where R is the rotation matrix given by
where v ij are the directional components in equation 4. In our implementation, we want to smooth more along and less perpendicular to the faults, so we set
where σ 3 is the larger of the two bin dimensions. Finally, we wish to modify the LoG operator to be directional: sharpening along the direction perpendicular to the planar discontinuity (along the
where G represents the Gaussian operator to be elongated along the planar axes. The terms σ 1 , σ 2 , and σ 3 are standard deviation of the Gaussian operator. After the first iteration, the output fault probability will be used as input to the next iteration of energy-weighted LoG filtering until the fault image is sufficiently smoothed and sharped. It usually takes three to five iterations to obtain a reasonable result. As with structure-oriented filtering to improve the signal-to-noise ratio of the amplitude data (e.g., Fehmers and Höcher, 2003) , iterative application of smaller windows provides a computationally more efficient algorithm and also one that adapts to curved surfaces.
Application to the Taranaki Basin data, New Zealand
The limitations of coherence in fault definition
The seismic data are located offshore southeastern Taranaki Basin, which is a Cretaceous rift basin on the western coast of New Zealand.
The Taranaki Basin is divided into two main structural components, where the Western Platform contains relatively undeformed sedimentary blocks and the Eastern Mobile Belt is relatively faulted compared with the Western Platform (Palmer, 1985; King and Thrasher, 1996) . The seismic data lie in the eastern mobile belt and cover approximately 500 km 2 with 50 × 50 m bins. Our challenge is to trace discontinuities through siltstone, silty mudstone, and interbedded sandstone formations through more chaotic data zones, including angular unconformities, turbidites, and mass-transport deposits, each of which generates its own coherence anomalies that overprint the fault anomalies of interest. Figure 2 shows a vertical slice through the seismic amplitude volume showing faults that cut the layered sediments as well as a 500 m thick mass-transport deposit zone. This relatively chaotic mass-transport deposit gives rise to low-coherence anomalies that mask the through-going faults (Figure 3a) . The acquisition footprint, low fold, noise bursts, inappropriate migration velocities, processing artifacts, and algorithmic limitation can give rise to additional coherence anomalies that may mask structural or stratigraphic features of interest (Marfurt and Alves, 2015) .
Our workflow starts with footprint suppression. We implement Alali et al.'s (2018) workflow, which uses a 2D continuous wavelet transform applied to an edge-detection attribute to design a mask that is subsequently applied to the amplitude slices to suppress the footprint noise. Next, we apply a principal-component structure-oriented filter, which improves the signal-to-noise ratio of the seismic data and sharpens discontinuities along the structure dip. The comparison of coherence before and after the footprint suppression and structure-oriented filtering is shown in Figure 3 . We use a 3 × 3 × 3 Figure 6 . Vertical slices through (a) multispectral coherence after a structure-oriented median filter that suppresses anomalies that cut reflector and retains anomalies parallel to reflectors and (b) fault enhancement obtained by subtracting the data shown in (a) from those shown in Figure 5 .
Seismic attribute preconditioning O29
(inline sample × crossline sample × time sample) rectangular analysis window to compute coherence. After the structure-oriented filtering, lateral and vertical discontinuities are preserved, random and coherent noise is suppressed, and the signal-to-noise ratio of the discontinuities is increased. Figure 3c shows a vertical slice through the difference between the original coherence and the coherence computed after noise reduction. Major faults and stratigraphic discontinuities within turbidites exhibit a better signal-to-noise ratio and higher lateral and vertical resolution. Small faults and subtle discontinuities in the mass-transport deposits are highlighted after coherent noise suppression, becoming more easily interpretable. The filtered seismic data are also used to compute the energy weight that will be used later.
Coherence of spectral voices and multispectral coherence
It is difficult to trace the major faults through the mass-transport deposit in the seismic amplitude volume (Figure 2 ). Coherence computed from the original noise-reduced data (Figure 3b) show faults masked by the discontinuities within the mass-transport deposit zone. Figure 4a shows four spectral voice components computed using a continuous wavelet transform for 10, 25, 40, and 55 Hz, whereas Figure 4b shows the corresponding coherence responses. Note that the coherence computed from different spectral voices exhibits different geologic details. Coherence of the low-frequency spectral voice (10 Hz) only shows the larger discontinuities, whereas coherence of the high-frequency spectral voice (55 Hz) exhibits smaller geologic details as well as incoherent noise. We observe that faults cutting through the mass-transport deposit zone are more continuous and sharper in the low-frequency spectral voices 10 and 25 Hz. The multispectral covariance matrix contains geologic details that are represented by sample vectors. Summing these sample vectors provide a means of summing the geologic details. Geologic anomalies consistent across each spectral voice are reinforced in the multispectral covariance matrix. In contrast, features such as high-frequency noise presented in only one spectral voice will be suppressed by this process. Figure 5 shows the multispectral coherence. The computation of multispectral coherence involves eight spectral covariance matrices, which range from 5 to 85 Hz at 10 Hz increments. Because we just used a 3 × 3 × 3 analysis window in the computation of multispectral coherence, the highest frequency containing the coherence image is approximately 83ð1∕3 Ã 0.004 sÞ Hz. Note that compared with the broadband coherence computed from the structure-oriented filtered amplitude volume (Figure 3b ), the multispectral coherence (Figure 5 ) exhibits clearer and more continuous faults. Incoherent noise along dipping reflectors and stair-step artifacts are suppressed. Subtle geologic discontinuities are strengthened and become more interpretable on the vertical section.
Attribute image filtering
We apply a 3D structure-oriented median filter to the multispectral coherence to reject narrow steeply dipping faults but retain stratigraphic anomalies (Figure 6a ). The size of the analysis window is 5 × 5 × 0 (inline sample × crossline sample × time sample), such that the filter is applied only in the lateral dimension. We then subtract these values from the coherence image shown in Figure 5 to obtain an improved fault image in Figure 6b , where stratigraphic anomalies are suppressed, and vertical variations such as fault anomalies are preserved. Figure 7 . Vertical slices through LoG fault probability computed from the filtered attribute shown in Figure 6b , (a) with the energy weight, (b) without the energy weight, and (c) LoG fault probability computed from the unfiltered attribute. Note that the fault probability computed from the filtered coherence exhibits fewer isolated noise. Use of the energy weight results in faults exhibits fewer stair-step artifacts and smoother fault surfaces.
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Iterative energy-weighted LoG filtered coherence
We then filter the filtered coherence iteratively using our energyweighted directional LoG operator. We set σ 1 and σ 2 are equal to three times the bin size, which are equal to 150 m, and σ 3 is the bin size, which is equal to 50 m. Figure 7a shows a vertical slice through the filtered coherence after three iterations of the energy-weighted LoG filtering. Note that faults have greater contrast and are more continuous, with fewer stair-step artifacts compared with the original broadband (as well as the multispectral) coherence. Anomalies parallel to the stratigraphy are suppressed. Figure 7b shows the result after the directional LoG filtering but without an energy weight, which is close to the original directional LoG filtering proposed by Machado et al. (2016) . We compute these two fault probability images with an identical input and window size (σ 1 ¼ σ 2 ¼ 150 m; σ 3 ¼ 50 m). The iteratively energy-weighted LoG filtered fault probability shows better fault resolution and a higher signalto-noise ratio. For a zero-phase wavelet, the energy weight favors discontinuities aligned with the reflector. Figure 7c shows the coherence after the iterative energy-weighted LoG filtering, but Figure 8 . Vertical slices through (a) the seismic amplitude volume corendered with fault probability, and (b) the fault attribute corendered with the fault dip magnitude and fault dip azimuth. Note that the fault attribute highlights fault planes and subtle discontinuities in the mass-transport deposit zone on the seismic amplitude volume. The yellow color in (b) indicates the faults dipping to the south, and the blue color indicates the faults dipping to the north. The red fault dips toward the southeast cuts this north-south vertical slice at 45°, and it thus appears "thicker."
Seismic attribute preconditioning O31 without structure-oriented median filtering. Faults in the masstransport deposit zone are less continuous than those in Figure 7a . We corender our fault probability volume with the seismic amplitude volume in Figure 8a . Figure 8b shows the corendering of the fault azimuth (against a cyclic color bar), fault dip magnitude (against monochrome gray and transparency), and fault probability (against monochrome black and transparency). In this image, we see two predominant fault sets -faults dipping to the southeast (appearing as orange) and faults dipping to the northwest (appearing as cyan). Next, we examine our results through time slices at t ¼ 0.8 s (Figure 9 ) and t ¼ 1.08 s (Figure 10 ). Red arrows indicate discontinuities within the mass-transport deposits. The small-scale discontinuities within the mass-transport deposits are suppressed, random noise is rejected, whereas larger, through-going faults are enhanced, allowing the fault planes to be easily tracked (Figures 9b and 10b) . Figures 9d and 10d show time slices through the corendered images of fault probability, fault dip magnitude, and fault dip azimuth. Faults and other discontinuities are easily separated, and fault planes are also easily tracked by the corendered images.
The preconditioned attribute for automatic fault extraction
We validate our fault probability for automatic fault extraction using a commercial software package. Figure 11a shows a time slice through the "swarm-intelligence" result with the input of a variance attribute. The variance attribute is computed using the same 3 × 3 × 3 analysis window as the previous coherence images, whereas the subsequent swarm-intelligence algorithm was run using 5 voxels as the initial distance, 3 voxels as the increment of each step of a swarm Figure 9 . Time slices at t ¼ 0.8 s through the (a) original coherence, (b) variance, (c) fault probability, and (d) fault probability corendered with the fault dip magnitude and fault dip azimuth. The workflow shown in Figure 1 suppresses coherence anomalies subparallel to stratigraphic, and this results in smoother, more continuous faults that cut the stratigraphy. Note that the coherence before our workflow and variance exhibits a strong acquisition footprint. Red arrows indicate the edges of rotated fault blocks in the mass-transport deposits, which appear as parallel discontinuities. Blue arrows indicate an acquisition footprint that cannot be suppressed. Figure 10 . Time slices at t ¼ 1.08 s through the (a) original coherence, (b) variance, (c) fault probability, and (d) fault probability corendered with the fault dip magnitude and fault dip azimuth. Note that the mass-transport deposits mask the through going faults, which are difficult to interpret on coherence and variance, but are more easily interpreted on the fault probability. Red arrows indicate fault blocks within the masstransport deposits. agent, and the threshold of steps of each agent is 10 voxels . Figure 11b shows the fault patches resulting from automatic fault extraction of the swarm-intelligence volume. The fault patches computed from the unfiltered variance volume exhibit strong footprints that are misinterpreted as a suite of near-vertical parallel planar surfaces. Figure 12a shows the time slice through the fault probability volume, whereas Figure 13b shows the corresponding fault patches. Major faults in the fault probability attribute provide superior input to the automatic fault extraction commercial software. To quantify the size of the fault patches extracted by these two alternative workflows, we compute the histograms and display them in Figure 13 . Note that the fault probability workflow results in a larger percentage of fault patches that exceed 1000 m 2 than that provided by swarm intelligence. These smaller fault patches require considerable manual intervention. Although some of them may correlate to small faults, others correlate to noise (such as the acquisition footprint), whereas Figure 11 . The 3D view showing (a) a vertical slice through the seismic amplitude volume with a time slice through a commercial swarm-intelligence result with variance as input and (b) the resulting extracted fault patches. Note that the swarm-intelligence technique not only enhances faults, but it also enhances footprint and incoherent noise. Figure 12 . The 3D view showing (a) a vertical slice through seismic amplitude volume with a time slice through the fault probability and (b) the automatically extracted fault patches with fault probability as input. Note that faults shown on the fault probability are accurately extracted by the automatic fault extraction technique. The corresponding fault patches are easier to interpret, and fewer fault patches need to be modified, which means it is more efficient for interpretation compared with Figure 11b .
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the majority need to be subsequently edited by the interpreter to form a larger patch.
Because our objective is to accelerate the fault interpretation process, it makes sense to use human-interpreted faults as the ground truth (Figure 14) . Note that the fault patches computed from our fault attribute correlate very well with those from traditional interpretation. Such fault extraction does not replace the human interpreter; rather, the task of the interpreter is similar to that of using a horizon autotracker -to quality control and edit the computergenerated surfaces.
Application to the North Carnarvon Basin, Australia
The second example is located on the Northern Carnarvon Basin in the northwest shelf of Australia. The seismic data, which were time migrated with a bin size of 12.5 × 25 m, show a different noise level compared with the first Taranaki Basin example. Although the Carnavon Basin survey exhibits less random noise and acquisition footprint than the older Taranki survey, it exhibits a much greater amount of stratigraphic discontinuities. Figure 15a shows coherence computed from the original seismic amplitude volume. Normal faults with strong stair-step artifacts can be seen in the shallow area (1.4-2 s). The siltstone and shale sediments (approximately 2.5 s) show strong incoherent, laterally varied, chaotic anomalies, where faults are hidden between those layers. Figure 15b shows a time slice at 2.5 s through the original coherence. Most faults in the siltstone and shale layers are difficult to identify. Figure 16a and 16b Figure 13 . Histograms showing percentage of total fault surface area represented by fault patches of a specific size, using (a) the fault patches with the fault probability as input and (b) the fault patches with the swarm intelligence as input. Note that the workflow shown in Figure 1 results in a greater amount of larger fault patches. shows the same vertical slice and the time slice but through the fault probability computed from our workflow. Compared with the original coherence (Figure 15 ), we can easily recognize fault patterns that cut through the siltstone and shale layers. We also note that lateral discontinuities and noise are suppressed, and the stair-step artifacts are smoothed. After our workflow, higher contrast, sharper, and smoothed faults are exhibited in the fault probability.
DISCUSSION
In the older Taranaki Basin data volume, footprint suppression significantly reduces linear artifacts in the seismic data resulting in a "cleaner" seismic amplitude volume for subsequent edge detection. The noise level of seismic data defines the smoothness and sharpness of structure-oriented filtering. If the data quality is poor, we would avoid using overlapping Kuwahara windows as described by Davogustto and Marfurt (2011) , thereby decreasing the sharpening and increasing the smoothing. If the data quality is good, we use aggressive structureoriented filtering with full Kuwahara subwindows to generate a sharper fault image. For this data volume, it appears that multispectral coherence differentiates fault discontinuities that appear at multiple frequencies corresponding to throughgoing faults from those that appear at only the higher frequencies corresponding to local discontinuities within the mass-transport deposit. The use of a median filter to suppress coherence anomalies parallel to the reflector dip is geology dependent. In the first example, the faults dip between 45°and 90°and will not be adversely affected. However, in a survey characterized by listric faults, such filtering would incorrectly remove the base of the fault as it soles out into softer shales.
Discontinuities in reflectors are convolved with the source wavelet such that this discontinuity is continued perpendicular to the reflector, resulting in stair-step anomalies. Such stair-step anomalies often result in a lateral shift of coherence anomalies seen on time slices compared with a human interpreted fault on a vertical slice through the seismic amplitude. Weighting the second-order moment tensor by energy favors that part of the wavelet al.gned with the reflector discontinuity in the subsequent fault probability workflow, thereby minimizing the stair-step artifacts. Although we believe that most stair-steps features seem on 3D coherence volumes to be artifacts, the reader should be forewarned that Ferrill et al. (2016a) document such stair-step features in outcrop.
A pitfall in fault enhancement is to be overly aggressive and fill the gap between vertical fault segments that in reality should be disjoint, or to overly smooth faults that "refract" in response to variable rock strength. We refer the reader to a second paper by Ferrill et al. (2016b) that disparages some of the myths associated with normal faulting.
Given these limitations, our results show that the new fault attribute exhibits more continuous fault features, less noise, and higher vertical resolution of fault trends. The preconditioned fault attribute is validated by inputting into an automatic fault extraction technique for comparison with other attributes. Although we find that the generated fault patches within our fault attribute agree closely with the human-interpreted fault surface using traditional fault interpretation on seismic amplitude volumes, the interpreter should still quality control the results for incorrectly joined fault segments or picked artifacts, just as we do when examining autopicked horizons.
Our first example is of approximately 400 Mbytes. We use 20 cores, and the total cost wall clock time was approximately 2.35 h (Figure 17 ). Structure-oriented filtering and footprint suppression that takes 57% of total cost. Because we compute multispectral coherence that is an efficient energy-ratio coherence algorithm, it only depends on the data size, which occupies a small percentage of the space. The cost of computing iterative energy-weighted LoG filtering is as low as Figure 15 . (a) Vertical slice and (b) time slice through the coherence computed from the original seismic amplitude volume on the Northern Carnarvon Basin. Note that the siltstone and shale layers exhibit highly incoherent and laterally varied noise.
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computing regular image LoG filtering, which is also approximated by a Gaussian filtering.
CONCLUSION
We have introduced a seismic attribute preconditioning workflow for automatic fault extraction. Our objective was to suppress coherence anomaly artifacts, suppress coherence (noise or stratigraphic) anomalies subparallel to reflector dip, and sharpen fault and other discontinuities that cut reflectors, preconditioning the fault images for subsequent automatic extraction. To avoid interpreting acquisition footprint as artifacts, we suppressed these wavenumber components using a 2D continuous wavelet transform applied time slice by time slice. To further suppress crosscutting noise as well as sharpen fault edges, we applied a principal component edgepreserving structure-oriented filter. The conditioned amplitude volume served as input to an eight-component multispectral coherence algorithm, which enhanced through-going faults seen at most frequencies and suppressed local discontinuities seen at only a few frequencies.
Coherence algorithms show not only tectonic and stratigraphic edges that cut reflectors but also unconformities, condensed sections, and low signal-to-noise ratio shale-on-shale reflectors that are subparallel to reflectors. We apply a median filter to the coherence volume enhance, and we then subtract anomalies parallel to the reflector dip, leaving discontinuities that correlate to fault and stratigraphic edges in the residual. Finally, we input this residual through three iterations of an energy-weighted directional LoG filter to sharpen and smooth the faults. Energy weighting reduces stair-step fault anomalies commonly seen in coherence volumes. Using an iterative application of small-window LOG filters accommodates curvilinear fault surfaces and avoids joining faults across large gaps. The results after this attribute preconditioning workflow are improved fault images amenable to automatic fault extraction. We find the resulting fault images to compare very favorably with respect to traditional human-interpreter generated on vertical slices through the seismic amplitude volume.
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